Abstract-The impacts of insect outbreaks on tree mortality, productivity, and stand development in Canada are reviewed, emphasising spruce budworm (Choristoneura fumiferana (Clemens), Lepidoptera: Tortricidae) and mountain pine beetle (Dendroctonus ponderosae Hopkins, Coleoptera: Curculionidae). Reduced growth and survival are a function of insect population and defoliation level. It is feasible to make short-term (annual) predictions of insect population and defoliation based upon sampling, but long-term, multi-year predictions are problematic. Given the historical record, it is expected that outbreaks will occur with relatively predictable frequency and basic host relationships and abiotic constraints will not change dramatically. However, the precision of predictions at fine scales is variable and reduced over time. Relationships between tree growth reduction, survival, and cumulative defoliation or beetle population level are available for major insect species. Understanding insect outbreak effects hinges on mortality, changes in interspecies competition, regeneration, and succession. Altered stand dynamics caused by insects can be interpreted for indicators such as wildlife habitat, old forest, riparian buffer cover, viewscapes, and connectivity. Anthropogenic changes are altering impacts via range expansions, northward shifts, and changes in forest composition. We can better understand effects of insect outbreaks and how best to ameliorate damage through a combination of empirical permanent plot studies, modelling, and manipulative experiments.
Introduction
Ecological and economic effects of insect outbreaks on tree resources are two differing but complementary aspects of the short-term and long-term biological effects of insect feeding. The most damaging insects in Canada are typically defoliators, which feed on the foliage of trees or other plants, and bark beetles, the most damaging of which feed on the phloem and cambium. The primary effects of insects on trees are: (1) growth reduction, whereby the tree reduces stem wood and branch growth and typically reduces the root system, in favour of rebuilding defoliated foliage capacity; (2) cessation of seed production; (3) tree mortality, when the defoliation or beetle attacks overwhelm the tree's ability to survive; and (4) regeneration or successional processes, whereby existing host species regeneration may be damaged and other species regeneration and vegetation may be promoted by lessened competition.
If trees survive the insect feeding, then growth reduction may be a temporary slowing-down of stem wood production and of stand timber volume increment. In fact, residual trees often enter into a phase of accelerated growth due to release (e.g., Axelson et al. 2009 Axelson et al. , 2010 for mountain pine beetle (Dendroctonus ponderosae Hopkins, Coleoptera: Curculionidae); Hennigar and MacLean 2010 for spruce budworm (Choristoneura fumiferana (Clemens), Lepidoptera: Tortricidae). Mortality, on the other hand, removes growing stock (trees) from the stand, to reduce both current yield and the future rate of growth increment. Both ecological and economic effects of insect outbreaks on tree resources hinge upon changes to trees and forests resulting from defoliation or beetle effects -typically termed "impacts". Severity of growth reduction and mortality in turn hinge upon the insect outbreak severity (which is a function of insect population level), extent, and duration (years), as well as on the feeding ecology of the insect and host species vulnerability and interactions. For example defoliators such as spruce budworm generally feed on only a portion of non-vital foliar tissues (current year foliage only) and so take years to kill a tree; hemlock looper, Lambdina fiscellaria Guenée (Lepidoptera: Geometridae), feeds on all foliage age classes, and kills trees in 1-2 years; the mountain pine beetle, Dendroctonus ponderosae Hopkins (Coleoptera: Curculionidae), reproductive strategy is as a virulent host-killer, where host death is required for successful reproduction, and is accomplished by introduction of fungal symbionts to the phloem and cambium, with subsequent spread to the sapwood; and spruce beetle, Dendroctonus rufipennis Kirby (Coleoptera: Curculionidae), typically relies on previous disturbance (other insects, windthrow, change in water table, slash from forestry) to flourish.
The key to projecting effects of insect outbreaks on tree resources is definition of relationships between growth reduction versus defoliation level and mortality (or survival) versus defoliation level, and building these into projections of stand dynamics that include competition processes (Erdle and MacLean 1999) . For beetles and other non-defoliators, the relationships would pit growth and survival versus insect population level. For defoliators, a further relationship could relate defoliation to population level, but most models and decision support systems use defoliation as a driving variable. In many cases, vulnerability (growth reduction and mortality) differs as a function of tree and stand variables such as species, age, and site quality. Erdle and MacLean (1999) described quantitative assessment of pest impacts as requiring four steps that can be conceptually viewed as a set of relationships in which the dependent variable from one relationship becomes the independent variable that drives the next relationship. The four steps are: (1) forecasts of insect population level over time (years), usually as a possible scenario based upon past outbreaks and/or population modelling, and including effects of possible control alternatives on those populations; (2) meaningful expressions of the nature and severity of damage inflicted on the tree or stand (e.g., defoliation level) as a function of insect population level; (3) effects on tree and stand development (e.g., growth reduction, reduced survival, and deterioration of form, perhaps with additional effects on regeneration and long-term successional changes) as a function of damage level; and (4) effects on forest (landscape) development as a function of the accumulated stand-level impacts.
The key to assessing and predicting effects of insect outbreaks on tree resources is understanding their direct and indirect effects on stand development. This is essentially an alteration of perceived "normal" (i.e., undefoliated or unattacked) stand development processes of growth, competition, death, regeneration, and succession, so simulating insect effects can be thought of as a marginal change in the expected development process -e.g., a reduced growth rate or an increased mortality rate for host trees, or an increased growth rate for non-host trees, or an increased rate of blowdown (wind-caused mortality) resulting from stand opening. However, an important contemporary concept is that in most ecosystems, especially northern forest ecosystems, disturbance is a normative driver of ecosystem development, function, and sustainability. There are also interactions between disturbance types, for example, spruce budworm and fire (Stocks 1987; Péch 1993; Payette et al. 2000; Fleming et al. 2002) , mountain pine beetle and fire (Axelson et al. 2009 (Axelson et al. , 2010 , spruce budworm and wind-caused mortality (Taylor and MacLean 2009) , and insect damage and root rots (Ostaff 1983) . Payette et al. (2000) documented the impact of combined insect and fire disturbances translating into a dramatic decrease in post-fire tree regeneration of the forest, inducing a shift to lichen woodland.
The objective of this paper is to review the science of impacts of insect outbreaks in Canada on tree mortality, productivity, and stand development. Emphasis is on the major insects, namely spruce budworm, mountain pine beetle, and forest tent caterpillar, Malacosoma disstria Hübner (Lepidoptera: Lasiocampidae), but I will include some information about other insects such as hemlock looper, balsam fir sawfly (Neodiprion abietis (Harris), Hymenoptera: Diprionidae), western spruce budworm (Choristoneura occidentalis (Walsingham), (Lepidoptera: Tortricidae)), jack pine budworm (Choristoneura pinus Freeman, (Lepidoptera: Tortricidae)), and spruce beetle. The main focus is on Canadian contributions, and given that future impacts will be affected by potential future changes in outbreak severity, I will end with a discussion of whether anthropogenic changes are altering effects of outbreaking insects.
Scale of natural disturbances in Canada's forests
Insect outbreaks, along with fire, are the two major natural disturbances in Canadian forests. The relative predominance of the two disturbance types and the specific insect undergoing an outbreak varies among regions and time periods. Much of the boreal forest is driven by fire disturbance, with insect-caused disturbance secondary, whereas major outbreaks of spruce budworm in eastern boreal or Acadian forest in the 1970s-1980s or mountain pine beetle in the 1990s-2000s in ecozones in British Columbia were clearly the dominant disturbances at those times and places. Impacts of insects and other disturbances are specific, and their importance varies among ecozones across Canada. In Atlantic Canada, insect disturbances predominate. Although wind, especially hurricanes, is a third major natural disturbance that can locally be very important, it is small in comparison to the extent and effects of insect outbreaks and fire. For example, Bouchard et al. (2009) examined standreplacing windthrow on 3 000 000 ha of boreal forest in eastern Québec, and concluded that windthrow affected 0.0255% per year. Their results suggested that stand-replacing windthrow is difficult to predict because it is primarily associated with random occurrence of exceptional windstorms (Bouchard et al. 2009 ). The important point here is that insect disturbances in forest are significant, predominate in certain ecozones and time periods, and even more so when they interact with other disturbances.
The following statistics about occurrence of fire and insect outbreaks in Canada, from the Canadian National Forestry Database (Canadian Council of Forest Ministers 2014), help put the scope of impacts in perspective. Forest area burned in Canada from 1990 to 2012 averaged 2 800 000 ha/year, with a range of 626 000 ha (2001) to 7 100 000 ha in 1995. The range of area burned per year in Canada from "good" fire years (small area burned) to "bad" fire years (large area burned) typically exceeds 10 times, as a function primarily of annual weather conditions. The number of fires per year varies much less, averaging 7760/year in Canada from 1990 to 2012 (Canadian Council of Forest Ministers 2014). Large fires (> 200 ha in size) represent only 3% of fires in Canada, yet account for~97% of the total area burned (Stocks et al. 2003) . Thus, area affected by fires in a given year is primarily influenced by weather and fire control response policies.
Insect disturbance is similar to fire in that major effects coincide with occurrence of large-scale outbreaks or fires. However, a major difference is the relative selectivity and periodicity of insect disturbances via known host and forest susceptibilities. In contrast, fire disturbance is largely driven by climate and to an extent by forest composition (fuel) factors. From 1975 to 2000, spruce budworm outbreaks were huge in eastern Canada, defoliating a summed area over 25 years exceeding 450 000 000 ha, almost two-thirds of the total area subjected to moderate-severe defoliation or beetle-killed trees in Canada (Table 1) . Forest tent caterpillar defoliation caused the second largest summed area over 25 years of disturbance at 189 000 000 ha (27%), however, this defoliation typically caused little tree mortality unless at severe levels on stressed trees. In contrast, mountain pine beetle does cause heavy mortality with occurrence; it killed trees over 2 700 000 ha (only 0.4% of the total area affected by insects) from 1975 to 2000, but by 2005, once the mountain pine beetle outbreak in British Columbia erupted, it was the predominant cause of insect disturbances in Canada, at 55% of the total 16 000 000 ha affected that year. By this time spruce budworm and forest tent caterpillar outbreaks, respectively, defoliated only 4% and 18% of the total area (Fig. 1) .
Over the 1975-2012 period currently reported by the national forestry database (Canadian Council of Forest Ministers 2014), the annual area of moderate-severe defoliation and beetle-killed trees in Canada was at a maximum of 69 000 000 ha in 1977. Spruce budworm outbreaks were at their maximum extent of 52 000 000 ha in 1975, declined to 12 000 000 ha in 1986, 930 000 ha in 1997, and ranged from 714 000 to 4 400 000 ha from 1998 to 2012. Mountain pine beetle-caused mortality covered a maximum of 10 000 000 ha in 2007. The other most important insects in Canada included forest tent caterpillar which defoliated up to 24 200 000 ha in 1977, and jack pine budworm which defoliated a maximum of 5 800 000 ha in 1985.
The area affected by insect outbreaks in a given year depends on the outbreak status of each of the primary insect pests, which typically build up over several years, peak, and then decline, plus the reduction of insect populations by control measures (use of insecticides or other pest management strategies). Knowing area defoliated or of beetle-killed trees is the first step to estimating impacts. Although management efforts usually affect only a minor part of the outbreak range in most jurisdictions, exceptions include extensive insecticide use against spruce budworm in New Brunswick in the 1970s-1980s, and current mountain pine beetle management efforts in Alberta. In Alberta, all of the mountain pine beetle range is subject to triage assessment, half receives a treatment of some sort, and a zero tolerance policy is pursued in the "leading edge zone", about one-quarter of the range (Alberta Sustainable Resource Development 2007).
Several studies have examined temporal and spatial patterns of spruce budworm outbreaks. Blais (1983) delineated several distinct outbreak areas in eastern North America where outbreaks differed in time of onset or severity, with outbreaks historically tending to begin earlier in southwestern Québec and extending north and east. Using cluster analysis, Gray et al. (2000) divided past budworm defoliation in Québec into 25 representative patterns that differed in duration and severity. Royama et al. (2005) used spruce budworm population data to divide New Brunswick into three zones -north, middle, and south -with differing outbreak patterns. Gray and MacKinnon (2006) analysed spruce budworm outbreak defoliation across Canada, using 2 × 2 km spatial resolution, and delineated 27 representative outbreak patterns. In Ontario, Candau et al. (1998) showed that budworm defoliation has occurred in three zones of frequent defoliation separated by longitudinally oriented corridors of lower frequency. Candau and Fleming (2005) developed two empirical statistical models to describe spatial variation in defoliation that revealed several relationships with bioclimatic conditions over the landscape. Variation in outbreak duration and severity is an important driver of all resulting impacts: growth reduction, tree survival, regeneration, succession, and ecological aspects such as resilience of the forest to recover because there are islands of relatively little change that serve as refuges or sources for colonisers assumed depleted by insect impacts. Zhao et al. (2014) also used cluster analysis to analyse annual aerial survey records of defoliation by spruce budworm in New Brunswick from 1965 to 1992, at four scales. Spruce budworm defoliated 92% of the 7 400 000 ha study area in at least one year. Zhao et al. (2014) grouped the 28 representative defoliation patterns, resulting from cluster analysis at 1 × 1 km cell size, into five spruce budworm outbreak classes (termed A-E), which each covered 12-27% of the area. These differed substantially in defoliation duration and severity: classes A-B had only 1-3 years of moderate (30-70% of foliage removed) and severe (71-100%) defoliation and 42-75% cumulative defoliation; class C had eight years and 127% cumulative defoliation; and classes D-E had 13-16 years and 170-208% cumulative defoliation (Zhao et al. 2014) . Distributions of area showed that with the exception of several small coastal areas, four or five of the outbreak classes occurred in all areas. Key messages from the various studies analysing spatial and temporal patterns are that there is wide spatial variation in spruce budworm outbreak patterns and large differences in outbreak duration and severity (cumulative defoliation). This is important in predicting effects or making management decisions that differentiate insecticide or salvage treatments based on severity or individual tree cutand-burn in the case of mountain pine beetle, and emphasises the need for accurate annual aerial survey or remote sensing-based defoliation or damage assessment.
A factor that needs to be accounted for in analysing effects of insect outbreaks is management intervention using insecticides. Because aerial application of insecticides has occurred on up to 50% of the moderate-severe defoliated areas in the mid-1970s in New Brunswick, it significantly reduced the defoliation that would have occurred without foliage protection (Kettela 1995) . As a result, spatially referenced "without protection" defoliation estimates for New Brunswick were developed by Gray and MacKinnon (2007) and used by Zhao et al. (2014) . These data used past annual information about insecticides used and their efficacy (i.e., defoliation reduction) (Kettela 1995) to estimate past annual defoliation levels, had there been no insecticide spraying (Gray and MacKinnon 2007) . This permitted analyses of spruce budworm outbreaks patterns uninfluenced by past insecticide use. Insecticide use is an important topic to consider in assessment of impacts, because for some insects, it is an available approach to reduce impacts on mortality and stand development, if there is sufficient political will and funding to do so. From 1990 to 1999, 3 500 000 ha were sprayed with insecticides in Canada, 72% of which was using the biological insecticide Bacillus thuringiensis kurstaki Berliner (Bacillaceae) (Btk) (Canadian Council of Forest Ministers 2014). Use of insecticides varies considerably among provinces, and is not an option for some insects such as mountain pine beetle.
Defoliation and insect population levels
Step 1 of understanding insect impacts is elucidating outbreak temporal and spatial patterns. For foliovorous insects, the cumulative level of defoliation over the course of an outbreak primarily drives tree response. The severity of impacts during defoliator outbreaks is determined by intensity of defoliation as well as duration, in terms of consecutive years of defoliation, where widespread mortality of tree hosts contributes to the outbreak decline . Within the context of the specific life history of an insect, the amount of defoliation is a function of number of insects. Number of insects, in turn, is affected by insect population factors, such as predators, parasitoids, mating success, etc. Defoliation is also influenced by factors that determine tree susceptibility: species composition, age, presence of non-host species, and site. The net effect of these interacting factors can be highly variable in time and space, with amount of defoliation by spruce budworm outbreaks ranging from one to~20 years of annual moderate-severe defoliation (e.g., Gray and MacKinnon 2006; Zhao et al. 2014) . In addition, contrasting defoliation outbreak patterns often occur in close spatial proximity; for example, Zhao et al. (2014) noted that most 66 × 66 km cells across New Brunswick contained cumulative defoliation outbreak classes ranging from least to most severe. In comparing insects, there are large differences in outbreak periodicity, for example, a 35-year cycle for spruce budworm versus a 10-year cycle for forest tent caterpillar. Periodicity and impacts of outbreaks and rotation time of the forest type are related if the insect causes major standreplacing outbreaks and also requires forest of a certain age for outbreaks to occur.
Spruce budworm larvae preferentially feed on the developing, current-year foliage and only eat older foliage after all the new foliage is consumed. This is also host species dependent, as the differing ability to back-feed on older foliage is an important factors in the relative vulnerability of their various hosts. If spruce budworm could back-feed as readily on spruce as it does on balsam fir (Abies balsamea (Linnaeus) Miller, Pinaceae), then it is quite possible that its impacts on spruce would be more severe than they are because there are many occasions when budworm density is well above the mean density that results in 100% defoliation of current-year foliage. The relationship between current annual defoliation and spruce budworm population level varies among years, and is typically determined annually by sampling during monitoring programmes, for example, Carter and Lavigne (1993) . Such variability is attributable to population dynamics, phenology, natural enemies (predators and parasitoids), stage of outbreak, diseases, etc. An extensive permanent sample plot data set, with more than 27 000 tree and 1100 stand measurements from 1984 to 1992 in New Brunswick, revealed a clear and consistent pattern of host species susceptibility to spruce budworm defoliation (Hennigar et al. 2008) . Regardless of defoliation severity and other stand variables tested, white spruce, Picea glauca (Moench) Voss (Pinaceae); red spruce, Picea rubens Sargent; and black spruce, Picea mariana (Miller) Britton, Sterns, and Poggenburg, had~72%, 41%, and 28% as much defoliation, respectively, as balsam fir (Hennigar et al. 2008) . Balsam fir defoliation was a highly significant predictor of white, red, and black spruce defoliation, and 34% of the variation in defoliation of red-black spruce hybrids was explained by balsam fir defoliation and by spruce hybrid index, which quantifies the degree of red-black spruce introgression (Hennigar et al. 2008) . Plant secondary metabolites such as terpenes and phenolics function as feeding deterrents or inhibit digestion of leaf material to influence larval feeding rate and development, thereby determining the severity of spruce budworm defoliation (Bauce et al. 2006; Kumbasli et al. 2011) , and recent evidence suggests a genetic basis for spruce resistance (Mageroy et al. 2015) . Balsam fir susceptibility to spruce budworm is reduced by the presence of hardwoods. Fir stands with higher hardwood content experience less spruce budworm defoliation (Su et al. 1996) when a threshold of 30-60% hardwood composition (threshold depends on defoliation intensity) is exceeded (Croome 1970; Su et al. 1996; Needham et al. 1999; Campbell et al. 2008) .
By examining forest tent caterpillar defoliation patterns in Québec, Charbonneau et al. (2012) found that a greater proportion of preferred host trees, such as trembling aspen, Populus tremuloides Michaux (Salicaceae), in the landscape increased defoliation severity and outbreak duration. This contrasts with Roland (1993) who found no impact of proportion of aspen on outbreak dynamics, once fragmentation was accounted for. On landscapes with a higher proportion of nonpreferred tree species, the likelihood of only a single year of forest tent caterpillar defoliation occurring was much greater than multi-year defoliation (Charbonneau et al. 2012) . As well, middle-aged trees (~50 years) were more likely to be defoliated than older trees (Charbonneau et al. 2012) . However, Charbonneau et al. (2012) studied a single outbreak cycle, whereas Roland (1993) studied four outbreak cycles and covered a greater expanse of time and space. Analysis of forest tent caterpillar defoliation records from 1938 to 2002 in Ontario and Québec indicated that outbreaks recurred periodically and somewhat synchronously among regions. The most strongly periodic, large-scale, synchronised fluctuations occurred in three regions -northwestern Ontario, eastern Ontario/western Québec, and southeastern Québec (Cooke et al. 2012) .
Outbreaks of defoliators are periodic, with distinct return intervals that vary by ecosystem. Knowledge of mean and variability of outbreak periodicity, as well as duration and severity, are key to long-term projection of effects on tree response and timber supply over one or more outbreaks. Spruce budworm outbreak periodicity was demonstrated using tree ring analysis in several early works (summarised in Blais 1983) . Royama (1984) used a combination of information from Blais' previous tree ring analysis studies and spruce budworm population data to suggest an average cycle length of 35 years in New Brunswick (seven peaks over 210 years), and 38.5 years in Québec (eight peaks over 270 years). In contrast, in British Columbia, spruce budworm outbreaks occurred on average every 26 years, with five to six outbreaks in the past century in the northern regions of the district, while southern regions experienced between zero (the most southern sites) and four outbreaks (Burleigh et al. 2002) . Western spruce budworm in southern British Columbia had a mean return interval of 28 years (95% confidence interval 21-35 years), with three to four outbreaks per century since the 1800s (Alfaro et al. 2014a ).
Growth reductions due to defoliation
Step 2 of understanding insect impacts can be considered the characterisation of non-fatal effects on trees. Defoliation results in a number of physiological changes within a tree, rebalancing stem-wood, foliage, and root production in response to defoliation, as the tree attempts to survive and rebuild photosynthetic capacity. Reduced stem-wood production from insect outbreaks is well known, to the extent that sequences of narrow annual tree growth rings can be used to date past outbreaks. Although it was long believed that several years of defoliation were required before annual stem-wood growth was reduced, Piene (1980) demonstrated a reduction of up to 20% in the volume increment of balsam fir trees during the first year of defoliation. Volume growth, i.e., radial growth over the entire tree stem, of balsam fir is reduced by 25-56% in the second year of severe current defoliation (e.g., Batzer 1973; Baskerville and MacLean 1979; Piene 1980) , and ultimately 75-90% annual reductions occur (Batzer 1973; Baskerville and MacLean 1979; Ostaff and MacLean 1995; Erdle and MacLean 1999) . As spruce budworm feeding is often most severe near the tops of trees, height growth usually ceases during years of severe defoliation. As a result of top-kill, heights of living trees may be reduced by 0.5-4.0 m during outbreaks (Baskerville and MacLean 1979) . Alfaro et al. (1982 Alfaro et al. ( , 1985 determined that volume loss per tree resulting from four western spruce budworm outbreaks in Douglas-fir, Pseudotsuga menziesii (Mirbel) Franco (Pinaceae), in British Columbia ranged from 8% to 17% and that the cumulative volume loss per tree for all four outbreaks averaged 44%.
Many studies have quantified growth loss caused by eastern and western spruce budworm defoliation. Growth loss caused by spruce budworm defoliation has been quite consistent for balsam fir, typically reductions of 50-75% or more in radial or volume increment (13 studies reviewed by MacLean 1985) . Growth loss caused by western spruce budworm defoliation has been more variable, both among studies and between different outbreak periods in the same study, with a range of 9-80% radial increment reductions (10 studies reviewed by MacLean 1985) . The amount of spruce budworm-caused growth reduction typically differs among tree species, with balsam fir > spruce (e.g., Craighead 1924; Blais 1964; Solomon and Brann 1992; Ostaff and MacLean 1995) , but this may primarily result from higher defoliation levels of fir than spruce (e.g., Hennigar et al. 2008) . Defoliation of spruce can be severe during episodes of extremely high spruce budworm populations. Erdle and MacLean (1999) determined from permanent sample plot data that the relationships between tree diameter growth loss and cumulative defoliation were linear and similar for balsam fir, white spruce, and red-black spruce (the latter were combined because they hybridise and had fewer data). In contrast, relationships between reduced survival and cumulative defoliation were non-linear and differed among species and age classes (Erdle and MacLean 1999) . For western spruce budworm, growth losses in grand fir, Abies grandis (Douglas ex Don) Lindley (Pinaceae), were much higher than in Douglas-fir (Williams 1967; Brubaker and Greene 1979) .
There are many other studies of growth reduction caused by outbreaking insects, and reviewing all is beyond the scope of this paper, but I will include several examples. Cooke and Roland (2007) used dendro-ecological analysis to investigate trembling aspen responses to drought and defoliation by forest tent caterpillar in Ontario and S144 Can. Entomol. Vol. 148, 2016 found that the strongly decadal outbreaks resulted in growth reductions and were the main factor limiting aspen radial growth. Man et al. (2008) documented an unusually severe forest tent caterpillar outbreak in Ontario, in which diameter growth decreased by 65-70% during insect defoliation. Over the following six years, surviving trees recovered in terms of radial growth, but height growth did not recover due to continued crown dieback after defoliation ceased (Man et al. 2008) . Iqbal et al. (2011a) quantified maximum radial growth reduction of balsam fir caused by hemlock looper, which feeds on all age-classes of foliage, as 10-15% with one year of moderatesevere defoliation, 35-40% with two years of moderate defoliation, and about 50% with two years of severe defoliation. Growth recovered to pre-defoliation rates by five years after defoliation ceased in all severity classes. Growth reduction and recovery of black spruce were more variable and lower than for balsam fir, and white birch exhibited only minor (< 10%) radial growth reduction during the defoliation year or one year later (Iqbal et al. 2011a) . In contrast, for balsam fir sawfly, which feeds on old (non-current) age classes of foliage, plots with one year of moderate defoliation showed 22% cumulative radial growth reduction and complete recovery to pre-defoliation growth increment after five years, while plots with 1-3 consecutive years of severe defoliation had mean cumulative growth reductions of 26-40% and did not recover to pre-defoliation levels even nine years after defoliation ceased (Iqbal et al. 2011b) . Unthinned and thinned balsam fir plots responded similarly to balsam fir sawfly defoliation severity (Iqbal et al. 2011b) . Characteristic patterns of reduced annual ring width due to insects are routinely used to date past outbreak periods (e.g., Blais 1983). Magnussen and Alfaro (2012) calculated an average 10% growth reduction from repeated defoliation of western hemlock, Tsuga heterophylla (Rafinesque) Sargent (Pinaceae), by the western hemlock looper, Lambdina fiscellaria lugubrosa (Hulst) (Lepidoptera: Geometridae), based on tree ring analyses.
Tree mortality due to defoliation
Step 3 of understanding insect impacts is characterisation of tree mortality, the most visible and severe result. For bark beetles such as mountain pine beetle, growth reduction is really not an issue, because bark beetles on lodgepole pine, Pinus contorta Douglas ex Loudon (Pinaceae), are obligate host killers, and they do this through mass-attack. With mountain pine beetle, mortality is highly probable on a per-tree basis (depending nonlinearly on rate of attack), and the tree either dies or survives with no impact. Mountain pine beetles attack pine trees by laying eggs under the bark and larvae mine the phloem and eventually cut off the tree's supply of nutrients. Mountain pine beetles also carry up to three species of symbiotic ophiotomatoid fungi that inhibit tree natural defenses against beetle attacks and also shut down water transport (Rice et al. 2007a (Rice et al. , 2007b . Mountain pine beetle is generally specific about the age classes it attacks and kills, resulting in a clear impact on the age distribution of trees, even more so than with spruce budworm. Mountain pine beetle outbreaks can increase fire severity, with greater wind velocities associated with highly aggregated tree mortality and fire rateof-spread increased up to 2.7-fold immediately following the outbreak (Hoffman et al. 2015) . Major disturbances attributable to mortality caused by severe spruce beetle outbreaks have also been identified in central British Columbia using tree ring analysis, in the late 1720s, 1810s-1820s, and 1960s-early 1980s (Zhang et al. 1999) .
Many studies of tree mortality caused by spruce budworm outbreaks have been conducted in eastern North America, with 30 studies reviewed by MacLean (1980 MacLean ( , 1985 . The timing of mortality was consistent among outbreaks and locations, with the first trees usually dying after four to five years of severe defoliation (MacLean 1980) . In less vulnerable, immature stands, it may take seven to eight years of severe defoliation for the first trees to die. Mortality caused by budworm usually ends about 12 years after the start of an outbreak, with 70-100% and 30-70% of the trees dead in mature and immature balsam fir stands, respectively (MacLean 1980) . In western North America, Campbell et al. (2006) identified eight western spruce budworm outbreaks over the past 300 years, with considerable variation in timing and duration of outbreaks at the stand level, but synchronous outbreaks occurred in~30-43-year cycles. Outbreaks of eastern spruce budworm in white spruce stands in northeastern British Columbia (Burleigh et al. 2002) resulted in tree mortality, but this rapidly decreased following the initial decline of budworm populations in the southern stands (Alfaro et al. 2001) . However, in northern sites mortality continued for several years, with trees succumbing to attack by secondary bark beetles and even woodborers (Burleigh et al. 2002) .
Both tree species and age influence mortality. In summarising data from 100 plots from various studies, MacLean (1980) calculated an average mortality at the end of the spruce budworm outbreak of 85% in mature balsam fir stands, 42% in immature fir stands, 36% in mature spruce (mixed species) stands, and 13% in immature spruce stands. In comparison, mortality in 30 mature balsam fir plots in a severe spruce budworm outbreak from 1974 to 1985 in Cape Breton, Nova Scotia averaged 87% (MacLean and Ostaff 1989) . Mortality patterns observed in uncontrolled budworm outbreaks in different studies have generally been very consistent. Most data indicate that black spruce is less vulnerable (i.e., has a lower probability of mortality) than red or white spruce, which in turn are less vulnerable than balsam fir (MacLean 1980). Erdle and MacLean (1999) used two large, long-term permanent sample plot data sets (n = 22 350 and 35 500 tree measurements) to calibrate survival versus cumulative defoliation relationships for balsam fir and red-black spruce. Results showed: an increasing effect on survival reduction above 40% defoliation; an increasing effect of defoliation on survival reduction with increasing age; and a greater effect of defoliation on survival in fir than in spruce (Erdle and MacLean 1999) . The reason for this species difference is not clear, but it could be attributable to the predisposition of fir, weakened by defoliation, to secondary mortality agents, rather than a differential mortality response to defoliation itself. Supporting this hypothesis are observations that shoe-string root rot, Armillaria mellea (Vahl ex Fries) Kummer (Tricholomataceae), occurred in 20% of balsam fir trees with 50-75% defoliation, in 50% of trees with 75-90% defoliation, and in 90% of trees with 90-100% defoliation (Ostaff 1983) . Spruce also has a stronger ability to re-foliate after defoliation than fir (Piene 1998) . In British Columbia, likelihood of mortality of spruce caused by spruce budworm was related to defoliation intensity and duration, and to crown class, tree diameter, and Bt insecticide treatment (Magnussen et al. 2005) .
Substantially less tree mortality occurs during western spruce budworm outbreaks than in spruce budworm outbreaks, with mortality concentrated in small trees (Carlson et al. 1983 ). Collis and Van Sickle (1978) found that mortality caused by a 1970-1974 western spruce budworm outbreak was < 1% in 16 of 20 stands, although Alfaro et al. (1982) observed that 39% of the trees, constituting only 12% of the basal area, were killed in one stand during the same outbreak. Differences between spruce budworm and western spruce budworm impacts could be due to differences in the insects, the host trees, or both. Mortality is related to the cumulative defoliation for both trees (Blais 1981; Alfaro et al. 1982; MacLean and Ostaff 1989; Erdle and MacLean 1999) and stands (Blais 1958; Batzer 1973; MacLean and Ostaff 1989) . Various measures of cumulative defoliation have been calculated, including mean across all defoliated years, sum of each annual % defoliation value (MacLean and Ostaff 1989; e.g., three years of 60%, 80%, and 100% current year defoliation can be summed to 240%, out of 300%, and interpreted as equivalent to 2.4 age classes of foliage removed), and foliage age-class weighted (MacLean et al. 2001) , and all are relatively similar. Using summed annual defoliation across years is intuitive for conifers with multiple age classes and it can be easily interpreted as number of age-classes of foliage removed.
Trembling aspen mortality caused by forest tent caterpillar is also associated with defoliation levels, particularly for trees in partial cut treatments (Man et al. 2008) . Mortality during the three-year outbreak was 3-6% annually, and in the subsequent six years after defoliation ceased, it increased to 9-13% annually, for a cumulative mortality of 54-76% (Man et al. 2008) . This is unusually high mortality for a forest tent caterpillar outbreak, and the area was noted by Cooke et al. (2012) as an anomalous cluster resulting from a double-wave of defoliation that persisted from 1992 to 1999. Insect outbreaks, whether spruce budworm, forest tent caterpillar, or bark beetles, always have stochastic elements, and "unusually severe" tree mortality, substantially greater than the mean for that insect, tree species, and stand age, may arise whenever insect populations are extremely high, when defoliation persists longer than typical outbreaks, or if multiple tree stressors occur.
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Can. Entomol. Vol. 148, 2016 Hemlock looper defoliation results in high mortality over a short period due to its feeding on all age classes of foliage. Relationships fit between per cent survival and years after defoliation showed that two years of severe (70-100%) defoliation resulted in almost complete mortality for balsam fir measured 10 years later, versus 20-30% mortality for black spruce and white birch (Iqbal et al. 2011a) . Some severely defoliated trees would die earlier, but even trees with lower defoliation (70%) succumbed after several years. In contrast, one to two years of moderate or one year of severe defoliation resulted in~40% mortality for balsam fir and no mortality of black spruce and white birch. Balsam fir sawfly defoliation caused no mortality in immature balsam fir 12 years after defoliation, but in mature fir, mortality was 72% in defoliated versus 18% in control, non-defoliated stands (Iqbal et al. 2011b) . In British Columbia, Alfaro et al. (1999) reported severe mortality (51-96%) due to western hemlock looper in stands composed of alpine fir (Abies lasiocarpa (Hooker) Nuttall (Pinaceae)), western hemlock, white spruce, and western red cedar (Thuja plicata Donn ex Don (Cupressaceae)).
Mountain pine beetle populations exist in one of four phases, defined in terms of population size relative to the abundance of available host: (1) endemic populations, principally in weakened or dead and often small-diameter trees; (2) incipientepidemic populations, which develop when largerdiameter host trees are successfully colonised; (3) epidemics, which exist at the landscape level, mainly as a consequence of large, highly contiguous areas of susceptible host and favourable weather conditions; and (4) post-epidemic (declining), due to adverse weather conditions or depletion of host, large-diameter, trees (Safranyik and Carroll 2006) . Waring and Pitman (1985) examined the effects of physiological stress, via canopy density and nitrogen availability, on lodgepole pine susceptibility to mountain pine beetle attack. Where canopy density was reduced, either by thinning or by the insects, surviving trees significantly increased their resistance to attack and wood production per unit of leaf area (tree growth efficiency) over a three-year period. Improved nitrogen nutrition hastened tree recovery but did not prevent attacks by beetles until growth efficiencies exceeded 100 g of wood production per m 2 of foliage. Other negative effects of mountain pine beetle outbreaks include water table rise, which can impact both pine and aspen productivity. Due to the nature of the interaction between the mountain pine beetle and its host trees, effective management requires detailed yearly surveys and prompt, thorough action against emerging incipient-epidemic infestations (Safranyik and Carroll 2006; Six et al. 2014) . As of 2013, it was estimated that mountain pine beetle in British Columbia had killed a cumulative total of 723 000 000 m 3 of timber over an area of 18 300 000 ha, that the outbreak peaked in 2005, and that the latest computer modelling projections indicated about 57% of the pine volume in the province may be killed by 2021 (British Columbia Ministry of Forests, Lands, and Natural Resource Operations 2013). For spruce beetle, during outbreaks in the 1970s and early 1980s in Alaska and Nova Scotia, 59% and 18%, respectively, of the merchantable white spruce tree volume was killed (Ostaff and Newall 1981; Werner and Holsten 1983) .
Effects of spruce budworm outbreaks on productivity and stand development
Step 4 of understanding insect impacts involves interpreting longer-term and indirect effects. The main long-term effects are changes in overstorey tree cover with mortality, altered competitive relationships between host and non-host species, regeneration and succession dynamics, and altered forest landscape age class distribution and species composition. Spruce budworm outbreaks kill overstorey trees and release advanced balsam fir and other regeneration, resulting in the insect having been termed a "super silviculturist" (Baskerville 1975) . For host species, cessation of host seed production during defoliation is an important effect restricting host species to existing advanced regeneration, while non-host and competing shrubs and herbs can proliferate. In mixed host-hardwood stand types, non-host content > 40% results in lower host defoliation (Su et al. 1996) . Non-host tree presence and the relative vulnerability of host species causes spruce budworm to vary between a stand-replacing and gap-creating disturbance as a function of the mix of host to non-host species (Bouchard et al. 2005; Campbell et al. 2008; Colford-Gilks et al. 2012) . Hence, dynamics in these stand types are driven by species composition and outbreak severity.
In shade tolerant hardwood-fir stands, the contrasting short and long-lived nature of balsam fir and tolerant hardwoods, plus vulnerability of fir, results in this stand type being transitional to tolerant hardwoods (Amos-Binks et al. 2010) . However, in spruce-fir stands, the spruce-fir ratio of regeneration remains relatively stable over time following defoliation (Fye and Thomas 1963; Batzer and Popp 1985; Osawa 1994) , implying relatively low fir regeneration mortality rates. Similar to the situation in fir stands, outbreak severity controls the invasion of intolerant hardwoods or shrubs, but this varies regionally (Bouchard et al. 2007) .
Advances in computer and information gathering technology have made the evaluation of alternative management practices through model simulation a valuable tool for forest managers (MacLean 1996) . Several models of effects of spruce budworm outbreaks on stand or landscape dynamics have been developed, for example, historical spruce budworm modelling of Holling and colleagues (Jones 1977; Clark et al. 1979) , process-based stand model (Baskerville and Kleinschmidt 1981) , timber supply modelling and forest management decisionmaking frameworks (e.g., Hall 1981) , and empirical stand growth models (Steinman and MacLean 1994; Erdle and MacLean 1999) . The spruce budworm decision support system (SBWDSS), originally developed conceptually by Erdle (1989) and refined into a software application by the Canadian Forest Service (MacLean et al. 2001) , was developed to project effects of budworm outbreaks on tree growth, mortality, and timber supply, and to incorporate potential management actions into a decision-making framework. It is built upon empirical impact relationships, and uses annual defoliation data obtained from aerial surveys and user-defined defoliation scenarios. The model is deterministic and thus multiple defoliation scenarios are used but could eventually be coupled to population dynamic models as these improve. Cumulative defoliation is used to model tree growth reduction and mortality of stands in a geographic information system forest inventory database (MacLean et al. 2001) . Hennigar et al. (2007) improved the SBWDSS modelling framework by integrating stand-level budworm volume impacts into a forest estate model, allowing pest management decisions such as foliage protection, harvest rescheduling, and salvage to be considered when maximising timber flows during a budworm outbreak. The latest iteration of the SBWDSS, termed Accuair ForPRO, integrates forest management planning and optimisation models with underlying tree impact information derived from pest management decision support tools (McLeod et al. 2012) .
Landscape disturbance and succession models form a subset of forest landscape simulation models, identified by their explicit simulation of dynamic interactions between vegetation and disturbances in both space and time. These address the need to evaluate long-term risk by modelling long-term forest dynamics (Scheller and Mladenoff 2007) . Implementation of defoliator disturbance regimes within the landscape disturbance and succession framework requires methods to: (1) define outbreak dynamics in time and space; (2) define the spatial distribution of resulting impacts; and (3) implement vegetation response to those impacts (Sturtevant et al. 2004) .
Effects of altered stand dynamics, caused by insects, can be interpreted for a variety of indicators such as wildlife habitat, old forest, riparian buffer cover, viewscapes, and connectivity. Both the SBWDSS and landscape disturbance and succession models can be used to estimate effects of insect outbreaks on ecological indicators. As an example, Beaton et al. (2002) used the SBWDSS to examine effects of moderate and severe spruce budworm outbreak scenarios, occurring over a 15-year period, on non-timber values including deer wintering areas, old spruce-fir habitat, buffers along watercourses and highways, future forest structure including species composition and diameter distribution, and conservation and unique areas. Deer wintering areas, defined to require softwood cover ⩾ 50 m 3 /ha, were projected to be reduced by 56% under a moderate and by 93% under a severe budworm outbreak scenario (Beaton et al. 2002) . Old spruce-fir habitat, defined under the New Brunswick forest management regime, was projected to be reduced from 21 900 ha of the 400 000 ha study area without budworm, to only 9100 ha (58% loss) or 3500 ha (84% loss), respectively, under moderate and severe budworm outbreak scenarios (Beaton et al. 2002) . Conservation and unique areas represent an important feature for tourist visitors to the study area, and under moderate and severe budworm outbreak scenarios, 2% and 48% of these stands that were susceptible to spruce budworm were projected to lose more than 50% of S148 Can. Entomol. Vol. 148, 2016 their volume (Beaton et al. 2002) . Buffer areas, which provide habitat connectivity, protection of waterways and visual aesthetics along provincial highways, were projected to lose > 30% of their volume for 17% and 42% of the susceptible buffer area under moderate and severe budworm outbreak projections (Beaton et al. 2002) . Such simulations of effects of insect outbreaks on various non-timber values provide a basis for management decisions, such as using the biological insecticide Btk or reducing spruce/fir content of stands in advance of a budworm outbreak (Beaton et al. 2002) . Overall, the main effect of insect outbreak disturbance is change and forest renewal. But in contrast to fire, this renewal is tightly tied to host species vulnerability and to outbreak severity. For fire, there are clear differences in fire response to fuel types, especially hardwood versus coniferous, but these can be overcome by fire severity, which is closely related to weather, wind, and to a lesser extent, topography.
Are anthropogenic changes amplifying effects of outbreaking insects?
We can estimate past outbreak patterns and impacts, as in the previous Steps 1-4, but are human and/or natural influences altering future outbreaks? The answer to this question is probably yes, but it depends on which insect, geographic locality, temporal and spatial scale, and the type of anthropogenic change. In addition, not all changes amplify effects -some probably dampen. As well, the evidence varies among insects and, except for mountain pine beetle, is somewhat open to interpretation.
Warmer winters under climate change have allowed mountain pine beetle to expand its range into areas where it has never before been a problem and where there were many prime host trees (Safranyik et al. 2010) . Mountain pine beetle has also moved into jack pine, Pinus banksiana Lambert (Pinaceae), populations with a shift in the −40°C isotherm in the area of species overlap with lodgepole pine in northwestern Alberta (Cullingham et al. 2011) . For defoliators, drought increases vulnerability to insect feeding, by causing higher carbohydrate levels in foliage (Mattson and Haack 1987) . Jack pine budworm damage increases under drought (Volney and Fleming 2000) , and secondary bark beetles kill drought-stressed trees (Raffa et al. 2008) . However, increased disturbance, resulting from either increased fire or harvesting, will reset age-class structure to younger age classes and may decrease the risk of outbreaks of insects that tend to target older trees.
Effects of fire suppression on fuel build-up and changes in tree species composition is probably the clearest example where anthropogenic change has amplified disturbance effects, resulting in a significant increase in fire severity. Fire suppression over decades was thought to be a measure deemed to be good and environmentally sound, and there might well be a message here about critical evaluation of other well-intentioned efforts. Fire suppression has definitely changed forest types, with the area of lodgepole pine in western Canada tripled over the last century . The current mountain pine beetle epidemic in western North America is to a large extent due to the biased age distribution and large area of contiguous susceptible forests, and beetle range expansion due to climate change just began the impact process .
When considering effects of forest composition changes, the question arises concerning the baseline condition, is it the pre-European condition? Changes in species composition have occurred, but are variable. If there are more host species in some areas, then we can expect higher insect vulnerability and damage. Fire suppression, clearcutting, and insecticide use against spruce budworm have all tended to increase balsam fir in parts of eastern Canada (e.g., Blais 1983), which would result in more spruce budworm damage purely through increased area of the most vulnerable forest. It appears that the extent of spruce budworm outbreaks increased in the 20th century (Blais 1983; Kettela 1983 ), but evidence for any changes in periodicity and severity is less clear.
In 2011, in preparation for a conference presentation, I conducted an informal survey of knowledgeable colleagues regarding opinions about whether anthropogenic changes have amplified effects of outbreaking insects in Canada (Table 2) . Questions included what evidence existed that anthropogenic changes have amplified insect outbreaks, and what mechanisms were involved? There were 35 responses from the 90 surveys I sent out, including 29 researchers, four provincial pest managers, and two forest managers. Locations of responders included British Columbia: seven, Alberta: four, Manitoba: one, Ontario: three, Québec: seven, New Brunswick: 11, and the United States of America: two. Responses were near unanimous that anthropogenic changes are amplifying effects of outbreaking insects in Canada -30 yes, one no, and one "yes-and-no" response (Table 2 ). Twelve responders believed that there was evidence of this for mountain pine beetle and six thought there was evidence for spruce budworm. Most responders thought that the mechanisms involved included forest species composition and age structure changes, alteration of forest spatial configuration or patch size, and broad climatic changes (Table 2) . Nearly all responders agreed that apparent "amplified" insect outbreak effects have occurred for mountain pine beetle in British Columbia and Alberta, but opinions were mixed or "no opinion" for spruce budworm outbreak extent in eastern North America, spruce budworm outbreaks observed in black spruce in Québec, unusually high mortality from forest tent caterpillar in Ontario, and balsam fir sawfly outbreaks in thinned stands in Newfoundland and Labrador. Published evidence both prior to and since my 2011 survey corroborates the trends. The strongest evidence is for bark beetle systems of western North American. It is clear that latitudinal and elevation barriers have been breached for mountain pine beetle, and perhaps for spruce beetle Safranyik et al. 2010) . Drought also plays a role in affecting susceptibility and vulnerability in bark beetle systems. There is some correlational evidence that compositional and land cover changes have influence, but not as strong as for climate drivers. Successful mountain pine beetle attack in Alberta in jack pine stands at the leading edge of the epidemic now provides a novel environment for mountain pine beetle, a potential risk that could be exacerbated by further climate change (Safranyik et al. 2010) .
Effects of anthropogenic change on spruce budworm are still a matter of debate. The weight (Bouchard and Pothier 2010) , and the largest difference between these two outbreaks was climate rather than forest composition or insect population level. Historical analyses (Blais 1983 ) identified 21 budworm outbreaks from 1900 to 1983 versus nine from 1800 to 1900. Earlier outbreaks were regional, but coalesced in the 20th century and increased in size, with the 1910s, 1940s, 1970s outbreak extents at 10 000 000, 25 000 000, and 55 000 000 ha, respectively. Paleo-ecological studies have shown spruce budworms present since at least 1520 years before present (Simard et al. 2002) , with the greatest numbers of spruce budworm feces found in the upper 20 cm of the humus profiles, which equates to the 20th century, with fewer below. This may be due to lower spruce budworm populations before the 20th century or to intensification of decomposition with increasing humus depth (Simard et al. 2002) . In New Brunswick, indications are that the 1870s spruce budworm outbreak was severe and stand-replacing (Etheridge et al. 2005) . Blais (1981) suggested that every second budworm outbreak caused higher mortality, because a standreplacing outbreak results in a less vulnerable younger stand for the succeeding outbreak. Long-term data on forest composition changes tend to be limited and localised. In Kings County, New Brunswick, comparing "witness trees", recorded by land surveyors at systematic grid distances across the area, from 1800 to forest composition in 1993, fir-spruce doubled from 25% of the forest to 50% (Lutz 1997; Loo and Ives 2003) . In the Miramichi watershed, New Brunswick, spruce-fir maintained dominance from 1800 to 2000, and spruce-fir increased on > 50% area (Aube 2008) . According to Loo and Ives (2003) , balsam fir forests of Cape Breton have probably always been renewed by outbreaks of spruce budworm, but this situation has now spread to areas where historically the insect had a relatively minor impact.
Several recent studies have directly analysed effects of climate change on spruce budworm outbreaks. Future outbreaks of spruce budworm were predicted to be approximately six years longer with 15% greater defoliation, on average, using simulations of a global climate model for 2081-2100 (Gray 2008) . Potential population growth rate for spruce budworm, based on physiological models using the 2041-2070 climate normal, predicted that outbreaks will shift northward and to higher elevations (Régnière et al. 2012) . Gray (2013) projected that under a future climate scenario the largest increases in outbreak duration and severity were predicted to occur on the Gaspé Peninsula and the north shore of the St. Lawrence River (Québec); the largest decreases in duration and severity in southern Ontario and along the Bay of Fundy in New Brunswick and Nova Scotia; and the predicted average changes in outbreak duration was −1.3 years and in outbreak severity was −1.5% defoliation. Zhang et al. (2014) found that annual tree mortality increased with annual climate moisture index and decreased with annual minimum temperature, annual mean temperature, and the number of degree days below 0°C, and they inferred that tree mortality induced by insect outbreaks will decrease in eastern Canada under warming climate. In western Canada, Murdock et al. (2013) examined risks associated with western spruce budworm and spruce beetle outbreaks in a changing climate from biological and forest management perspectives. The analysis integrated projections of tree species suitability, pest outbreak risk, and bio-economic modelling, and investigated several methods of estimating pest outbreak risk. A simple climate envelope method based on empirically derived climate thresholds forecasted substantial changes in the distribution of outbreaks in British Columbia for two climate scenarios and both pests. Roland (1993) provided evidence that forest fragmentation increases the length of forest tent caterpillar outbreaks. Although some have indicated that is inconsistent with what has actually happened, given 20 years without a forest tent caterpillar outbreak in central Alberta, this longer interval may well be an effect of northward drift in the envelope of optimal climate. A 2004-2014 forest tent caterpillar outbreak indeed materialised in Alberta, but about 300 km north of where forest tent caterpillar has previously been typically distributed. Aspen is sensitive to drought, and increased aspen mortality observed in Alberta and Ontario apparently resulted from interaction of forest tent caterpillar defoliation and drought, or drought alone . High temperatures and dry conditions aggravate the consequences of defoliation for aspen (Hogg et al. 2002) , as does water table rise in wet areas (Perrette et al. 2014) .
The latest balsam fir sawfly outbreak in Newfoundland was unprecedented in severity and duration, with the area affected equivalent to double the sum of all outbreaks in the previous 50 years and northward expansion of the area severely defoliated (Moreau 2006) . The balsam fir sawfly outbreak has been attributed primarily to precommercial thinning of balsam fir, and both egg densities and defoliation were higher in thinned than unthinned stands (Ostaff et al. 2006) . Thinning enhanced balsam fir sawfly survivorship (foliage quality) and reduced virus . Another example is the unprecedented hemlock looper outbreak observed near Rivière-Saint-Jean, Québec from 1998 to 1999.
Balsam woolly adelgid, Adelges piceae (Ratzeburg) (Hemiptera: Adelgidae), is an introduced species found in Maine in 1908 , Nova Scotia 1910 , New Brunswick 1942 , other parts of Atlantic Canada, Québec, and British Columbia. It has caused significant mortality to balsam fir. In Maine, balsam woolly adelgid is moving inland, attacking and even killing fir where 10-20 years ago no evidence of this species existed. Mild winter temperatures are probably the cause of the expansion, but it is uncertain whether there is an ultimate anthropogenic cause.
To sum up, dynamics of insects are affected by the dynamics of forests, which include direct and indirect anthropogenic changes. For mountain pine beetle, range expansion and maintenance of high populations due to warmer winters and the increased availability of susceptible old host forest due to fire suppression are clear mechanisms of increased damage associated with anthropogenic changes (Safranyik et al. 2010) . Spruce budworm changes are less clear but may include northern range expansion, and possible change in susceptibility (defoliation) with the currently observed severe damage in black spruce in Québec. There is less clear evidence for changes in spruce budworm population dynamics, but unusual outbreaks have been observed in the Québec North Shore north of Anticosti Island and in Goose Bay, Newfoundland and Labrador. I know of no clear evidence of changes in tree species vulnerability, of growth reduction and mortality resulting from a given level of defoliation. It remains unclear whether phenology of host trees and insects will change differentially, and whether forest vulnerability to insect feeding may increase if climate change stresses trees.
There are a number of caveats associated with interpretation of whether current and future environmental changes are altering forest insect dynamics. A balanced and unbiased assessment requires identification of both positive and negative cases, and a challenge is distinguishing true negative cases from false negative cases. Assessment of historic changes is inherently problematic as far more data are available for the 20th and 21st centuries than earlier. System responses may be correlated with anthropogenic activities, but correlation is not necessarily causation. Caution is required in interpreting emerging evidence that is subject to uncertainty, and is often based on short time series and spatially limited observations. There are also cautions about my informal survey, in that responses include a mix of "opinions" versus "knowledge" versus published, replicated data. But it may well be useful to seek areas of consensus of opinions, and then follow this by evaluating or collecting more evidence.
The climate is changing, and increased warming has been projected to increase fire severity in regions such as the Prairie provinces. Both positive and negative consequences will emerge, with harsher consequences in the north and lesser consequences in the south (Gray 2008 (Gray , 2013 Régnière et al. 2012; Zhang et al. 2014) . There is no consensus yet on the net difference. Range expansions of native insects northward are likely because of changing climate and of new exotic insects because of global trade. Stand replacing disturbances, such as large fires and mountain pine beetle outbreaks, may help forests to adapt to changing climates (Alfaro et al. 2014b ).
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Can. Entomol. Vol. 148, 2016 These outbreaks eliminate forests that grew under past climatic conditions and by promoting succession and regeneration, and over the long term give natural selection a chance to select trees that will be adapted to the new climates, but over the short term the shifts will be ecological. For fire-adapted tree species in British Columbia, elimination of the old forest canopy by stand-replacing fire triggers massive forest regeneration, while removal of mature lodgepole pine canopy by mountain pine beetle can result in forest transformation to different species unaffected by beetle (Alfaro et al. 2014b) . Mountain pine beetle range expansions have occurred, and climate change effects probably have greater impact than forest practices per se (Safranyik et al. 2010) . Western spruce budworm also has exhibited a shift in the area over which outbreaks occur. Spruce budworm long-term trends are less clear, possibly longer, more severe outbreaks (Gray 2008) or reduced damage in southern areas due to unsuitable climate and northern range expansion. For spruce budworm, there are benefits to promoting spruce over balsam fir, mixedwood stands, and integration of some insecticide protection to reduce impacts. Another factor is that insect outbreaks (and fire) can have dramatic effects on forest carbon (e.g., Kurz et al. 2008; Dymond et al. 2010) , with large-scale mortality resulting in a positive effect to climate change and a negative feedback to more damage. However, such effects may be temporary. Dead trees remain standing or as downed woody debris, for up to 30 years, and this carbon remains stored on site as recalcitrant carbon pools that are only slowly emitted to the atmosphere (Hansen 2014) .
Conclusions
There is a huge body of literature about impacts of insect outbreaks in Canada, and this review provides examples rather than exhaustive coverage. There are five key messages that emerge from this review.
Impacts of insects on trees, notably reduced growth and survival during outbreaks, are a function of insect population and defoliation level. It is feasible to make short-term (annual) predictions of insect population level and defoliation based upon the current situation and population sampling, but long-term, multi-year population predictions are problematic. However, insect disturbances have shaped the current forest composition, structure, and age-class distribution, and if those outbreaks increase or decrease, those patterns will be altered.
Relationships between tree growth reduction, survival, and cumulative defoliation or beetle population level are available for some major insect species, and can be empirically determined using methods described by Erdle and MacLean (1999) . Such relationships permit projection of effects of specified defoliation or beetle population levels on tree and stand dynamics. Tree-level or stand-level projections can also be used in timber supply and economic analyses, or decision support systems related to insecticide protection, harvest scheduling, or salvage actions.
Understanding effects of defoliation or beetle population levels on tree resources hinges on effects on stand dynamics: mortality, changes in interspecies competition, regeneration, and succession. Mortality introduces large pulses of standing and downed deadwood into ecosystems, which has important ecological functions (Harmon et al. 1986; Franklin et al. 1987) . Effects of altered stand dynamics, caused by insects, can be interpreted for wildlife habitat types such as deer wintering areas and old forest habitat, riparian buffer cover, structure and composition of conservation and unique areas, viewscape aesthetics, and connectivity.
Climate change and anthropogenic changes are altering impacts of insect outbreaks. There is clear evidence that mountain pine beetle has expanded its range and that the severity of the outbreak is related to forest fire suppression resulting in more susceptible forest. Northward expansion of insect ranges is occurring now (e.g., mountain pine beetle and possibly spruce budworm and forest tent caterpillar) and this will likely increase in the future. Greater forest vulnerability can be expected if insect outbreaks coincide with drought or other stressors. In contrast, a generally younger age distribution resulting from more intensive management will tend to reduce damage. It is also possible that other insect species, not presently eruptive, may become eruptive if, for example, an extensive increase in host homogeneity occurs for a species otherwise normally occurring in mixed-wood stands.
Insect outbreaks are a major natural disturbance in our forests. We can better understand their effects and learn how best to adapt to or ameliorate damage through a combination of empirical permanent plot based studies, modelling, and manipulative experiments.
I have several recommendations for future research related to this topic: (1) increased understanding of insect population dynamics that permits multi-year prediction of population levels and defoliation, which can be used as input into stand models and decision support; (2) remote sensing methods to accurately measure currentyear and cumulative defoliation levels of trees and stands; (3) better understanding of ecosystem processes and functions and how insects interact with these, to result in population dynamics, susceptibility, and vulnerability relationships; (4) elucidating mechanisms resulting in observed patterns, for example, of hardwood content reducing defoliation levels of host species by spruce budworm; (5) experimental trials to test pest management interventions, such as early intervention using intensive monitoring and use of Btk, Mimic, and/or semiochemicals to treat pre-defoliation but rising populations before defoliation in an attempt to prevent outbreaks (such a trial in underway for spruce budworm from 2014 to 2018 in New Brunswick: www. healthyforestpartnership.ca); and (6) quantification of susceptibility and vulnerability relationships for less-studied insect pest species, as are currently available for major species such as spruce budworm and mountain pine beetle.
